DNA barcodes have been successfully applied to a limited number of animal groups with the application of the mitochondrial gene, cytochrome c oxidase subunit 1. Recently two DNA regions, the plastid trnH-psbA spacer and nuclear ribosomal ITS region, have been shown to have potential as an identification barcode for land plants, although with some significant drawbacks. The ideal barcode should be relatively short in length (~700 bp), more variable between than within species, and easily amplifiable with universal primers. Building on current success, ongoing investigations are searching for the best barcode to apply to all land plants. Once established, a plant barcode may be effectively used in biodiversity inventories, conservation assessments, and applied forensic investigations. Advances in sequencing technology and the completion of the DNA barcode library have the potential to provide the public with increased access to information about the natural world.
INTRODUCTION
The term "DNA barcoding" has been coined to describe the use of a short gene sequence from a standardized region of the genome as a tool for species identification (Hebert & al., 2003a, b) . For many years biologists have been using a wide range of DNA fingerprinting techniques such as plastid and nuclear microsatellites, random amplified polymorphic DNA, amplified fragment length polymorphisms and DNA sequencing as tools in the study of population dynamics (Fay & Kraus, 2003) , species delimitation (e.g., Richardson & al., 2003) , hybridization (e.g., Clarkson & al., 2004) , and evolutionary relationships (Savolainen & Chase, 2003) . They have also been applied, albeit on an ad hoc basis, as a tool to aid identification in situations in which it is difficult or unachievable using morphological characters, e.g., the identification of an unknown plant without reproductive characters (Bradford & Barnes, 2001) . Despite the great utility of many of these techniques, a major drawback, especially when used for identification purposes, is that they are not standardized and in many cases not standardizable across a wide range of different organisms or for identifying the same organisms in different laboratories.
As a result of discussions and meetings on the potentially enormous benefits of a standardized molecular identification tool for plants and animals and with funding from the Alfred P. Sloan Foundation, the Consortium for the barcode of life (CBOL) was formed in 2004. The aims of the CBOL initiative are to develop "an accurate and reliable tool for scientific research on the taxonomy of plant and animal species, a practical, cost-effective tool for assigning unidentified specimens to their correct species, and a system for expanding interest and activity in taxonomy" (see http://www.barcoding.si.edu/). CBOL envisages this tool being a short gene sequence from a universally amplifiable region. The main aspiration of this initiative is not to create a molecular (DNA) taxonomy as controversially suggested by advocates of the phylocode (http://www.ohiou.edu/phylocode/) or even a DNA taxonomy in which DNA sequence data would be part of species typification (Tautz & al., 2002 (Tautz & al., , 2003 , but rather a tool to allow quick identification of organisms for a wider group of users than is possible at present. Several authors have expressed concerns that DNA barcoding may be seen as a replacement for taxonomy (e.g., Ebach & Holdrege, 2005; Moritz & Cicero, 2004) , whereas others have pointed out that it is an identification tool which will at the same time provide additional data for use by taxonomists, by highlighting taxa for which further taxonomic effort would be profitable (e.g., Gregory, 2005; Schindel & Miller, 2005) .
The papers of Hebert and colleagues' (Hebert & al., 2003a, b) proposed the use of the mitochondrial gene, cytochrome c oxidase subunit 1 (COI or cox1), as a suitable sequence for barcoding of animals, and there have been a series of publications since then illustrating its usefulness in a range of taxa (e.g., DeSalle & al., 2005; Hebert & al., 2004; Janzen & al., 2005; Lorenz & al., 2005; Monogahan & al., 2005; Smith & al., 2005; Ward & al., 2005) , although in some cases, for example amphibians (Vences & al., 2005) , an alternative or additional region may be necessary. For several reasons as outlined below, this gene sequence is not suitable for use as a plant DNA barcode. Recently Kress and co-workers (2005) proposed two DNA regions (one in the plastid genome and one in the nuclear genome) that have the potential to serve singly or in tandem as a barcode for flowering plants. Here we discuss the progress that has been made in identifying a land plant DNA barcode, possible alternatives to those that have been proposed, as well as ongoing activities to use plant barcodes in biodiversity studies.
FINDING A DNA BARCODE FOR LAND PLANTS
Unlike animals for which mitochondrial DNA is highly conserved in terms of gene content and order, but with a high rate of sequence substitution (e.g., Brown & al., 1979; Moritz & al., 1987; Boore, 1999) , higher plant mitochondrial genomes exhibit frequent rearrangements, transfer of genes to the nuclear genome, and incorporation of foreign genes (e.g., Palmer & al., 2000; . Substitution rates are both much slower in plants than is usual in animals and with some notable exceptions in specific taxa (Bakker & al., 2000; Cho & al., 2004; Parkinson & al., 2005 ) the slowest of the three plant genomes (mitochondrial, plastid and nuclear). The success of a DNA sequence as a species identification tool-the barcode-depends on the existence of unique substitutions that distinguish among closely related species. The nuclear and plastid plant genomes therefore offer the best hope of yielding a suitable sequence(s) for DNA barcoding, i.e., ones that will be variable enough to differentiate among species and at the same time have less intra-than infra-specific variability (Chase & al., 2005; Kress & al., 2005) .
Additionally the ideal barcode would be short enough to sequence in one piece with current technology (~700 base pairs [bp] or less), technically simple to sequence (e.g., without any long repeat regions that challenges the accuracy of DNA polymerases), length-conserved to mitigate alignment problems (although indels would undoubtedly provide useful diagnostic characters), and recoverable from herbarium samples and other degraded DNA samples such as alcohol-preserved (pickled) tissue, wood, fruits, etc. (Kress & al., 2005) . Also, an effective barcode would use universal primers that can be applied across all land plant groups. Identifying hybrids would obviously be desirable, and in the case of long established natural hybrid species this should not be problematic. In cases of recent hybridization or ongoing introgression it is not possible to make a reliable identification using a single or even two plastid DNA regions and would require the ability to "disentangle" different allelic sequences from a single sample (Chase & al., 2005) , which increases the technical demands and cost of barcoding. In plants plastid genes are uniparentally inherited (most often maternally); therefore identification of hybrids would necessitate inclusion of multiple single copy nuclear genes in the barcode. These single copy genes are at present technically demanding to sequence and generally not retrievable from herbarium or other degraded samples because their amplification is highly subject to DNA quality.
The lack of resolution typically encountered when only single DNA regions are used in phylogenetic reconstruction (especially in angiosperms) has led to concerns that it may not be possible to pinpoint a single, short plastid DNA region that could be used as the DNA barcode in plants. However, unlike phylogenetic reconstruction in which phylogenetically informative characters (those shared among two or more taxa) are necessary, the main requirement for a DNA barcode is sufficient DNA identifiers that are unique and universal within a species.
To search for an effective plant barcode, Kress & al. (2005) compared the total plastid genomes of tobacco (Nicotiana tabacum) and deadly nightshade (Atropa belladonna), close relatives in the family Solanaceae, to identify the most variable sequence regions. Trials of the resultant nine most variable plastid regions across a set of widely divergent angiosperm taxa, including closely related species, identified the trnH-psbA spacer as a good barcode candidate. This spacer, although short (~450 bp), has been found to be exceptionally variable in many plant groups (e.g., and is easily amplified across a broad range of land plants. The second region identified by Kress and colleagues (2005) is the nuclear internal transcribed spacer (ITS) of ribosomal DNA, which is the most commonly sequenced locus in plant phylogenetic investigations at the species level and shows high levels of interspecific divergence (although problems with paralogues do occur in certain taxa). Together, these two DNA regions have the potential to discriminate among the largest number of plant species for barcoding purposes. Furthermore, extraction of DNA and amplification of the trnH-psbA spacer from herbarium specimens (some over 100 years old) was highly successful (Kress & al., 2005) .
The trials by Kress & al. (2005) on the trnH-psbA plastid spacer and ITS included a total of 99 species in 80 genera encompassing 53 families of flowering plants, but did not adequately address within species variability nor the application of the plastid spacer to groups of land Cowan & al. • DNA barcoding of land plants 55 (3) • August 2006: 611-616 plants other than angiosperms. It has already been demonstrated that intraspecific variation is low in ITS (Baldwin & al., 1995) . With regards to the trnH-psbA, spacer recent trials in 33 species for which two to five individuals per species were sampled (W. J. Kress & I. Lopez, unpubl.) have shown that within-species variability is non-existent or exceptionally low (0.00-0.80% sequence divergence due to nucleic acid substitutions; Table 1 ), thereby enhancing the potential of this spacer as a barcode. In 24 of the 33 species sampled the intergenic trnH-psbA spacer showed no variation among individuals; in the remaining nine species most of the intraspecific variation was due to insertion-deletion events (see below). Equally important for a barcode, a search of GenBank revealed that the trnH-psbA spacer has been successfully amplified in gymnosperms, ferns, mosses, and liverworts, but not always using the same primers that work on angiosperms. The success of amplification of this spacer across a broad set of land plants has been verified in a more extensive survey of lycophytes and monilophytes .
In another case study we used the dataset of Perret & al. (2003) with complete species sampling of closely related taxa within the Gesneriaceae family (Sinningia s.l.) and found that the commonly used phylogenetic markers in this datatset do exhibit high discrimination among species and could also be suitable as barcodes in many cases (Table 2 ; see also Chase & al., 2005 for similar results in other taxa).
Although these studies have provided evidence that a plant DNA barcode with a high degree of utility can be implemented, they also illustrated problems that need to be overcome to achieve the ideal barcode. Probabilities of identifying the correct species in the Sinningia study were high but not 100% (Table 2) , and the regions with the highest probabilities are too long to sequence in one piece. The trnH-psbA spacer used in Kress & al. (2005) ranged from 119 to >1,000 bp in length among the angiosperm taxa studied, and it is likely that this range would increase as other groups of land plants are included. This length variation, due to the high number of insertiondeletion events known to occur in trnH-psbA , can lead to difficulties in alignment, which could be problematic for its use as a barcode. Although the spacer exhibits significant interspecific variation in most groups sampled so far, it still may fail to discriminate among species in those taxa of land plants with notoriously low genetic differentiation between species (e.g., palms; Carl Lewis, Fairchild Tropical Garden, pers. comm.; orchids, Mark Whitten, University of Florida).
In some groups, ITS will also be difficult to use because multiple, uncorrected copies are maintained, making it impossible to sequence without cloning and less likely to be an effective barcoding tool. New algorithms for combining barcoding sequences to yield species-level unique identifiers will have to be developed to deal with these problems of spacer length variation and the necessity of combining more than one DNA region for an effective plant barcode.
WORK IN PROGRESS
A Plant Working Group has been initiated under the auspices of CBOL, and an international consortium of 11 institutes is undertaking a project to expand on previous results with the aim of identifying the most suitable plastid DNA regions (one or perhaps two) to serve as a universal DNA barcode for all land plants. This initiative followed the first international conference on "Barcoding of pling of Kress & al. (2005) the project initially involved screening additional regions of the plastid genome and developing primers for the most promising regions that are universal across land plants. Screening plastid regions only, overcomes the problems of multiple variable copies as found in ITS, and the technical difficulties of sequencing single copy nuclear regions, especially when using poor quality or degraded DNA. An assessment of length variability is also being made in the candidate regions to try and overcome the difficulties associated with alignment and analysis of highly length variable regions such as the trnH-psbA spacer. These regions are being evaluated in a range of taxa with complete or near complete sampling at the species level to evaluate the probability of any one region providing correct identifications among many closely related species. The taxonomic groups being used in this evaluation, include all major lineages of land plants, and have been chosen for a variety of reasons, e.g., recent radiations with a difficult taxonomy expected to be more challenging versus older radiations with greater genetic divergence and a generally agreed upon taxonomy. More information on this project with ongoing updates until its completion can be found at www.rbgkew.org.uk/barcoding. At the same time, several projects have been launched that include plant barcoding in a biosurvey or inventory-based setting. These include a "Darwin Initiative for the Survival of Species" funded project to RBG Kew on DNA barcoding of the orchids of Costa Rica in collaboration with the Lankester Botanical Garden, Costa Rica, and a project in collaboration with the University of Johannesburg and Royal Botanic Gardens, Kew, that aims to DNA barcode the flora of the Kruger National Park in South Africa. Projects are also being considered or already underway at the Smithsonian Institute to generate DNA barcodes for all economic plants, especially medicinals and poisonous plants that will have direct impact on the commercial sector and society.
Number of spe-

PROSPECTS FOR USING A LAND PLANT DNA BARCODE
DNA barcoding per se, however, is not the only end point activity to be achieved in these planned projects. These barcode efforts can be clearly linked with interrelated objectives of basic biodiversity endeavors, such as: to (i) provide measures of biological diversity, (ii) provide plant DNA barcoding for conservation and trade surveillance, (iii) achieve high standards for research and training in basic taxonomy and link with global efforts to build the tree-of-life, and (iv) assist in implementation of the Global Strategy for Plant Conservation (Global Strategy for Plant Conservation, http://www.bgci.org.uk/ policies/globalstrategystatement.html) developed by the Convention on Biodiversity and the various action plans of the World Conservation Union (IUCN) .
Given the increasing ease and speed of DNA sequencing alongside decreasing costs, DNA barcoding will facilitate rapid and large-scale biodiversity surveys, both for inventory purposes and ecological studies. These could be performed without presorting of samples or the necessity for taxonomists to devote their time to highly repetitive identification rather than additional scientific research. It would allow the identification of different life stages, e.g., seeds or seedlings, and fragments of plant material that do not bear the requisite morphological characters for identification. There is an increasing demand for plant identification in the fields of international trade (CITES regulations), forensics, herbal medicines, and commercial foodstuffs. At the Royal Botanic Gardens, Kew, and the United States National Herbarium at the Smithsonian, we are regularly asked to identify potentially illegally imported plant materials seized by customs, the contents of herbal medicines, and plant material associated with scenes of crime.
Of course to be able to implement these potential uses and make them widely available a reference species database of plant DNA barcodes must be built using sequences from fully verified and vouchered samples, with multiple sampling per species to assess within-species variability. Hence it is desirable that the DNA barcode is retrievable from already existing herbarium specimens; this will bring an immense task into the realms of achievability. This level of sampling is also expected to highlight potential cryptic species and provide data for studies of species delimitation (see Hebert & al., 2004) .
As discussed above, a DNA barcode based on one or two short plastid DNA regions will not identify hybrid taxa, but only one of the two parents (usually the maternal parent). In taxonomically complex groups (TCG), those with blurred species delimitations because of factors such as introgression, apomixis and backcrossing (Ennos & al., 2005) , identification would likely be limit- Cowan & al. • DNA barcoding of land plants 55 (3) • August 2006: 611-616 ed to a complex or group of taxa within the TCG. Provided the identification system includes information on the possibility of hybrids, complex groups, etc. for any individual barcode (see Chase & al., 2005) this should not be a problem. However, in situations or for particular taxa in which this would be insufficient, a local multi-region "secondary" barcode might need to be implemented.
DNA BARCODES OF THE FUTURE
So far, we have discussed the implementation of a DNA barcoding system for land plants that is based on one, or if necessary two, short plastid and/or nuclear DNA sequences from universally amplifiable region(s) across land plants. Sequencing technology already allows production of some 400,000 barcodes from just one DNA sequencing machine per year, assuming bidirectional reads on a 96 capillary machine running 24 hours per day, 50 weeks per year. The major bottleneck in the system is therefore collection, verification, and DNA extraction of samples, with the use of herbaria specimens being critical. However the technology involved is advancing rapidly; not only the rate of barcode production, but also the portability and accessibility of a sequencing device will undoubtedly increase. Pyrosequencing and chip based sequencing technologies already allow the rapid sequencing of many short (~ 60 bp) barcode regions. This opens the way for an enhancement of the "basic" barcode proposed to incorporate short multiple regions of different genomes to be incorporated in a single barcode that would not only provide species-level identification, but also provide data valuable to improving our understanding of hybridization, speciation, and population dynamics.
The three billion biological specimens now housed in the world's natural history museums and herbaria offer an immense resource for building the DNA barcode library for both plants and animals. The application of barcodes to these specimens will therefore greatly increase their value. However, there is a considerable time and cost investment required to extract DNA from the many vouchered and verified samples that will be required to build a plant DNA barcode reference database. We therefore urge, that wherever feasible, these samples are banked as a valuable resource for future biodiversity research (Savolainen & Reeves, 2004; Chase & al., 2005; Savolainen & al., 2006) . "Imagine what it would do to any and all aspects of human interactions with wild plants if you could walk up to any plant anywhere-seedling, sapling, 40 m tree, grass, root, pressed leaf, or fallen log-and know in a few seconds its scientific name. …. That capacity would transform far more than the science of plant biology, the conservation of plants, and the superficial ways we currently make use of the incredible diversity of form, physiology, genetics and chemistry of plants. It would be to plants what the printing press was to stories, education, science, law, medicine and communication" (Janzen, 2005) . Once fully developed, DNA barcoding has the potential to completely change not only how biologists understand and monitor biodiversity, but also, as emphasized by Janzen in the above quote, the relationship of the general public to nature. When a hand-held DNA "barcorder" (portable DNA sequencing device) becomes available in a few years, the new technology will help many non-scientists, whether they are in the field, garden, or market, to quickly and inexpensively identify known species and retrieve information about them. If implemented successfully, barcoding will provide a vital new tool for appreciating and managing the Earth's immense and changing biodiversity.
